INTRODUCTION
The E. coli / S. typhimurium maltose transporter is one of the best studied examples for binding protein-dependent ABC-transporters. It consists of the periplasmic high affinity maltose binding protein (MBP), two homologous transmembrane proteins, MalF and MalG, that form a heterodimeric pore, and two copies of the ATPase subunit MalK, which are cytoplasmically associated with the pore forming subunits (1, 2) . Interaction between MalF/G and MalK was shown, by a combination of genetic and biochemical studies, to involve the so-called EAA loop, a sequence motif that is present in all MalF/G homologues and a number of residues that are conserved in MalK and its homologues (3, 4) . Recently, the crystal structure of the MalK protein from the hyperthermophilic archaeon Thermococcus litoralis (T. litoralis MalK) has been solved (5). The T. litoralis MalK sequence is 47% identical to E. coli MalK. The protein was shown to consist of two domains: the N-terminal 3/5 of the protein form an α/β type ATPase domain that is present in all ABC proteins, whereas the Cterminal 2/5 of the protein form a barrel-like structure that is present in only a subset of all bacterial and archaeal ABC-transporters in the databases. From studies with the E. coli and S. typhimurium maltose system, this C-terminal domain is thought to represent the interaction site with regulatory proteins and is thus called regulatory domain.
According to a model proposed by Diederichs et al. (5) which is in agreement with very recent findings by Chen et al.(6) , maltose uptake is thought to involve a series of conformational changes and signal transduction events: when substrate loaded MBP docks to its cognate sites on the periplasmic lobes of the MalF/G subunits a conformational change takes place that virtually abolishes the high affinity substrate binding of MBP and at the same time leads to channel opening. This allows maltose to diffuse through the MalF/G pore and enter the cytoplasm. ATP hydrolysis is then needed to release substrate free MBP from the transporter complex and to close the channel. After uptake, maltodextrins are degraded by three enzymes to glucose and glucose-1-P. A by-product of dextrin metabolism is maltotriose, the inducer of the system which stimulates the transcriptional activator of the system, the MalT protein (7) . In addition to this classical regulation scheme, MalT activity is also modulated by MalK. It has been shown in vitro and in vivo that both proteins can interact (8) , that MalK can abolish MalT dependent transcription when overexpressed (9) and that malK null mutants become constitutive for mal gene expression (10) . One model for the physiological role of this phenomenon proposes that MalT constantly samples the transport state of the maltose transporter. When no substrate is being transported, MalT is bound to the MalFGK 2 complex via MalK and mal gene transcription cannot occur (2,11).
MalK not only exerts repression on MalT but is also subject to inactivation in a process known as inducer exclusion: in E. coli and S. typhimurium glucose is transported via the phosphotransferase system (PTS). During transport glucose is phosphorylated which leads in a series of phosphotransfer reactions to dephosphorylation of the EIIA Glc protein. EIIA Glc plays a central role for the regulation of non-PTS sugar uptake systems, such as the lac permease, the melibiose permease and the maltose ABC-transporter (12) . In its dephosphorylated form EIIA Glc inhibits uptake of non-PTS substrates by direct interaction with the various transport proteins. It has been shown, mostly by genetic studies, that MalK is the target of inducer exclusion exerted on the maltose ABC-transporter. There are a number of point mutants that have been isolated in a selection for resistance against α-methylglucoside (α-MG), a non-metabolizable glucose analogue that is transported and phosphorylated by the PTS, leading to strong inducer exclusion and thus leading to a Mal -phenotype (13, 14) . Since mutations in malK that affect inducer exclusion do not interfere with MalT inactivation it is very likely that MalK possesses two distinct binding sites for 
EXPERIMENTAL PROCEDURES
Bacterial strains and plasmids.
Strains used in this work are derivatives of E. coli K-12. Bre1162 (15) MacConkey indicator plates contained 1% maltose. Chloramphenicol (cam), nalidixic acid (nal) and ampicillin (amp) were added to final concentrations of 30 µg/ml, 40 µg/ml and 100 µg/ml, respectively . For induction of pAB204 derived MalK IPTG (Isopropyl-β-D-thiogalactopyranoside) was added to a final concentration of 10 µM.
Molecular biology techniques.
To identify point mutations in pMR11 encoded malK alleles, DraIII/SacII restriction fragments of malK were subcloned and the resulting plasmids checked for their maltose phenotype and their regulatory phenotype. Subsequently, sequencing was carried out at GATC (Konstanz, Germany) on an ABI automated sequencer. Site directed mutagenesis was carried out essentially as described for the QuikChange kit from Stratagene (La Jolla, California litoralis. In spite of only 26% sequence identity with the E. coli MBP, both proteins are nearly identical in their 3D-structure (30). Therefore, we reasoned that also the ABC subunits of the maltose transporters in E. coli and T. litoralis must indeed share the same 3D-structure.
Nevertheless, the sequence of T. litoralis MalK and E. coli / S. typhimurium MalK is not identical and the placing of small insertions and deletions has to be at the correct position.
We used a multiple sequence alignment of 60 non-redundant bacterial and archaeal ABCtransporters that possess a regulatory domain to obtain the most reliable positioning of the E.
coli/S. typhimurium sequence onto the established structure of the T. litoralis protein (Fig. 1 ).
Corroborating the reliability of this alignment is the appearance of three highly conserved motifs and two highly conserved amino acids (G340, F355) that were identified in the regulatory domain aside from the well established ABC motifs in the ATPase domain. These C-terminal motifs were termed RDMs for Regulatory Domain Motifs and fall into the linker region between ATPase domain as well as in the regulatory domain. The alignment revealed that E. coli MalK harbours two deletions of six amino acids and two insertions of two amino acids each, when compared to T. litoralis MalK. These deletions and insertions are positioned in loops between the conserved α-helices and β-strands, with the exception of β6 that is deleted in E. coli MalK (Fig. 1) . Interestingly, the region around β6 is also different in the structure of HisP (26) which is otherwise superimposable in its monomeric form with MalK from T. litoralis. The alignment shown in Fig.1 was used to obtain the atomic coordinates of the modelled E. coli MalK structure after optimizing the atomic angles and distances in the alpha carbon backbone. The modelled 3D-structure of E. coli MalK is shown in Fig. 2 . In Table 1 , indicators of structural quality are listed for the modelled structure in comparison to the established structure of T. litoralis MalK. As has to be expected for a structure derived from homology modelling, the quality indicators for the E. coli MalK model are not as favourable as for the experimentally determined T. litoralis MalK structure; however, they are within the ranges of values obtained for well-refined experimental structures, at a lower resolution (around 2.5 Å) than that of T. litoralis MalK (1.8 Å).
Mutations that specifically affect the regulatory function of E.coli MalK.
Strain Bre1162 (malK-lacZ) carrying plasmid pMR11 (malK + ) is phenotypically Mal -, despite its mal + genotype. This is due to overproduction of plasmid encoded MalK protein which inhibits any MalT dependent expression of other mal genes. To identify residues that are critical for this regulatory function we devised a screening method to find mutants that would specifically be affected in the regulatory function but not in the transport related functions of MalK.
We transformed the malK mutant Bre1162 with 12 independently mutagenized plasmid pools and screened about 80,000 transformants for a Mal + phenotype on MacConkey maltose plates (plasmid encoded wild type (wt) malK confers a Mal -phenotype under these conditions).
Red, Mal + colonies appeared with a frequency of about 10 -3
. Approx. 50 such colonies that showed a fully Mal + phenotype on MacConkey and minimal maltose plates were isolated, and it was confirmed that the mutation confering this phenotype was plasmid associated.
Our screen also led to the accumulation of mutants that showed a reduced MalK expression level, presumably due to "promoter down" mutations or folding defects. To identify these undesired mutants we carried out Western blots of total cell protein with MalK specific antiserum. Of 50 tested mutants, only 11 showed expression levels that corresponded to the wt control. 8 of these clones were derived from different plasmid pools and subject to further plates indicating that no cross defect in transport activity had occured.
Mutations that cause a regulation minus phenotype define the MalT interaction patch on the regulatory domain of MalK.
Subcloning and subsequent sequencing revealed that all eight mutants have a single amino acid substitution (Table 2 ). In addition, one more mutation (W267G) confering this phenotype had been published previously (14) . Two pairs of mutants were affected in the same amino acid but carried different substitutions (G346S/D and D297N/G) and G346S has been reported before (14) . Except for P72L all mutations affect residues that are in the Cterminal domain of MalK. These C-terminal mutations fall into 4 different regions of the primary structure that are not conserved among ABC-ATPases. When the side chains of the mutated amino acids are highlighted on the 3D-structure of MalK, most are located at the peripheral face of the regulatory domain that is turned away from the N-terminal ATPase domain (Fig. 5 ). The patch consists mainly of polar residues that form an irregularly shaped cleft-like structure. Both subdomains, that together form the regulatory domain (5), contribute residues to this surface element. We propose that this structure is the site in MalK that interacts with MalT.
Among the regulatory mutations G346S/D is an exception. It is not surface exposed but is in close proximity to Asp297 and a mutation to Ser or Asp is easily imaginable to cause local disruptions of the secondary structure that is necessary for interaction with MalT. The P72L mutation is another exception since it displays a regulation negative phenotpye but is located in the ATPase domain. Pro72 is conserved in the T. litoralis MalK protein and resides in a large loop between β-sheets 5 and 7 (Fig. 2) . In the T. litoralis dimer it is located in the dimer interface where the two proline residues are in close proximity to each other. This proline residue may be instrumental in relocation of the regulatory domain, which in the wt protein is presumed to decrease the affinity for MalT.
Structure-directed mutagenesis of MalK.
To test the validity of the modelled structure of E. coli MalK, we changed amino acids in the regulatory domain that were predicted from the 3D model to participate in the interaction with MalT. These exchamges were N262D at the end of β14, L268Q at the beginning of α9, L291Q at the beginning of β16, and E350Q in the loop between β19 and β20 (see Figs. 1, 2 and 5 for positioning). N262D, L291Q, and E350Q exhibited a weak regulatory phenotype( Fig.4B ), whereas L268Q appeared strongly defective in regulation (not shown in Fig. 4B ). This mutation, however, was omitted from further experiments since the amount of protein produced was significantly lower than for the wt protein, while the protein amounts of the other three mutants were indistinguishable from wild type expression levels (Fig. 3B ). All three mutants appeared to be normal in maltose transport as judged from complementation studies on McConkey indicator plates. The structure-directed mutagenesis clearly demonstrates the validity and the usefulness of the model. It is noteworthy that the regulatory function of MalK is strongly dependent on its expression level. Therefore, for testing the structure directed mutations we replaced pMR11, which expresses MalK from a strong constitutive promotor, with the inducible plasmid pAB204. This allowed us to observe even weak regulatory effects at appropriately adjusted expression levels (10 µM IPTG) that could not have been observed with pMR11 derived MalK.
Residues that are affected in α-MG resistant MalK mutants define the EIIA Glc interaction site.
There are two publications describing a class of point mutations in MalK that enable the respective mutants to transport maltose under conditions of strong inducer exclusion (in the presence of α-MG). Dean et al. (13) have found the following mutations to cause an α-MG resistant phenotype: A124T, F241I, G278P, G284S, whereas Kühnau et al. (14) have found E119K, R228C, G302D, S322F (see also Arg228 and Ser322 participate to form an irregularly shaped surface, whereas Gly278 is not in very close proximity of this structure, albeit on the same face of the regulatory domain and also surface exposed (Fig. 6 ). We propose that these five mutations define the site of MalK that interacts with the EIIA Glc protein. The interaction site is on a face of the regulatory domain that is roughly perpendicular to the MalT interaction site as well as to the ATPase domain. Another mutation in the regulatory domain that leads to α-MG resistance (G284S) is affecting a highly conserved residue that is part of RDM2 (see below) but not surface exposed. Two additional mutations (A124T, E119K) have been described (13, 14) that cause inducer exclusion insensitivity; however, the affected residues are in the helical part of the ATPase domain. Glu119 is at the end of α-helix 3 in close contact with Ala124, and both mutations are in the vicinity of the ABC signature motif. Mutations in these amino acids may affect intramolecular signal transduction events that connect EIIA Glc interaction to ATPase activity.
Interaction between ATPase and regulatory domain involves the highly conserved Regulatory Domain Motifs (RDMs).
We have identified three highly conserved motifs that were termed RDM ( Fig. 1) and are only present in nucleotide binding proteins that possess a regulatory C-terminal domain.
When the residues that contribute to these motifs were visualized on the model of E. coli
MalK, it appeared likely that RDM1 (consisting mainly of α-helices 7 and 8 of the ATPase domain) may contact RDMs 2 and 3, as well as the highly conserved phenylalanine 355 of the regulatory domain (Fig. 7) by a hinge motion. Thus, these motifs appear to represent communication modules between the two domains of MalK-type ATPases. Interestingly, RDM1 is also in close contact with the conserved α-helix 6 which follows the switch region.
To give evidence for the important role of the newly described RDMs we changed amino acids within the RDM region located within the C-terminal extension of MalK. We chose positions that were furthest away from the ATPase domain of the protein. E308Q (within β17) is part of RDM3, G340A (positioned in the loop between β19 and 20) and F355Y
(within β21) are single, highly conserved amino acids at the extreme C-terminus of MalK (Fig.1 MalT regulators and produced the same protein amounts as wt MalK (Fig. 3B ). This demonstrates that the RDMs are not merely a motif that facilitates proper folding of the regulatory domain but play an important role for substrate translocation.
Residues involved in the interaction of MalK with the membrane components.
By suppressor mutation studies, Mourez et the E. coli dimeric structure (Fig. 2) . The strongest argument for the validity of this operation is the ability of alanine 85, when changed to cysteine, to crosslink the dimer (4). When the "interaction residues" are highlighted on the structure of the dimeric ATPase domain, only Ala85 is part of the dimer interface but others (Lys106 being an exception) are deeply buried in the monomeric molecule (Fig. 8) . Surprisingly, most of these residues are accessible through a deep tunnel that has its entry on the face of the molecule that consists of β-sheets.
The tunnel-like structure is in part formed by residues that were shown to be involved in the interaction with MalF/G and has Ala85 at its deepest end. From the mouth of the tunnel, α-helix 3 protrudes, with Lys105 (highly conserved) and Lys106 (not conserved) at its tip.
Lys106 was shown to be crosslinkable with MalF/G (4) and its susceptibility to trypsin cleavage was shown to change in the presence of ATP and MalF/G (32). In the MalK homodimer the two tunnels are in a relative position to each other that resembles a "straddeled" V. Both Ala85 residues, which are part of the lid, are in close proximity to each other at the bottom of the V and the Lys106 residues are in great distance from each other and form the top of the V-like structure. The highly conserved lid region is directly underneath this putative MalF/G interaction site and it is conceivable that conformational changes in the lid region might have direct consequences for the transmembranous subunits (Fig. 9) .
DISCUSSION
We present a three-dimensional model for E. coli / S. typhimurium MalK to combine data obtained by the powerful genetic techniques available for E. coli and S. typhimurium with structural information obtained from MalK of the hyperthermophilic archaeon T. litoralis.
The validity of the modelled 3D structure is high. It is based on the overwhelming body of evidence that proteins of analogous functions even with a rather low level of sequence identity exhibit nearly the same three dimensional folding (27) (28) (29). One of the most striking examples for this conclusion is the structural identity of the many different had to be placed correctly to obtain an optimal match between the two structures. Therefore, we used a multiple alignment of 60 non-redundant prokaryotic ABC sequences with extended C-termini. The validity of this alignment is born out not only by the appearance of all known ABC motifs but also by the appearance of highly conserved sequences in the C-terminal portions of the molecules (now called RDM's), part of which have been recognized previously in other alignments (34) (5) . The optimal alignment shown in Fig. 1 was used to model the three-dimensional atomic coordinates of the E. coli MalK structure (Fig. 2) . The usefullness and validity of these coordinates was demonstrated by targeted mutagenesis:
Based on the 3D model we were able to identify residues that are involved in the regulatory function of MalK. These residues would have been very difficult to identify in a random screen for mutants because of a relatively weak phenotype.
The MalK-MalT interaction patch.
A clear result was obtained when the positions of the regulatory mutations were visualized on the E. coli MalK structure (Fig. 5) We showed that the expression of the liberated regulatory domain causes mal gene repression (Table 2 ). In addition, Schmees and Schneider ( 
EIIA Glc mediated inhibition of the maltose transporter might involve the RDMs and two residues in the ATPase domain.
Most of the mutations causing inducer exclusion insensitivity are in the regulatory domain.
As for the MalT interaction patch, they define a surface area in the regulatory domain that is, however, positioned roughly perpendicular to the MalT interaction site.
Glu119 and Ala124 are not in the regulatory domain but in the helical region of the ATPase domain. How can their alteration cause an α-MG resistant phenotype? Since both residues are well surface-exposed and are in close proximity to each other, it appears at first possible that they contribute to EIIA Glc binding. were experimentally shown to be involved in the interaction with the transmembrane components on the E. coli MalK structure (3, 4) . Surprisingly, we found that most of the mutated residues (Lys106 being an exception) are not accessible for protein-protein interactions in the dimeric structure. Of those, only Ala85 would be surfaced exposed in the monomer. Instead, these interaction-prone amino acids are buried in the protein and are all in close proximity to a tunnel-like structure (Fig. 8) .
It has been suggested that the T. litoralis MalK structure which has been used as the template for the E. coli MalK structural model represents a "snapshot" of the working ABCtransporter subunit and that the T. litoralis MalK protein has mobile subdomains (e.g. the helical region) that may undergo large conformational changes (5) . Taken would thus represent the low energy state of the transporter. It is tempting to speculate that the dimeric MalK structure represents the low energy and closed state of the protein.
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Note the position of Pro72 in the ATPase domain. MalF/G as well as to crosslink MalK after changing to cysteine is shown in both monomers. Structural average packing Z-score: Inducer exclusion insensitivity
Glu119 -> Lys Arg228 -> Cys Gly302 -> Asp Ser322 -> Phe α3 α8 β17 β18 <> β19
Inducer exclusion insensitivity (14)
Trp267 -> Gly Gly346 -> Ser α9 β20
MalT regulation negative (14)
Pro72 -> Leu Ala248 -> Ile Ala250 -> Ser Ile251 -> Thr Asp297 -> Asn/Gly Gly346 -> Asp/Ser β5 <> β7 β12 <> β13 β12 <> β13 β12 <> β13 β16 <> β17 β20
MalT regulation negative This work Asn262->Asp Leu268->Gln Leu291->Glu Glu350->Gln β14 α9 β16 β19 <> β20
MalT regulation negative; from structure directed mutagenis
This work
Glu308->Gln Gly340->Ala Phe355->Tyr 
